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The Higgs potential consists of an unexplored territory in which the electroweak symmetry break-
ing is triggered, and it is moreover directly related to the nature of the electroweak phase transition.
Measuring the Higgs boson cubic and quartic couplings, or getting equivalently information on the
exact shape of the Higgs potential, is therefore an essential task. However, direct measurements
beyond the cubic self-interaction of the Higgs boson consist of a huge challenge, even for a future
proton-proton collider expected to operate at a center-of-mass energy of 100 TeV. We present a novel
approach to extract model-independent constraints on the triple and quartic Higgs self-coupling by
investigating triple Higgs-boson hadroproduction at a center-of-mass energy of 100 TeV, focusing
on the ττbb¯bb¯ channel that was previously overlooked due to a supposedly too large background.
It is thrown into sharp relief that the assist from transverse variables such as mT2 and a boosted
configuration ensures a high signal sensitivity. We derive the luminosities that would be required to
constrain given deviations from the Standard Model in the Higgs self-interactions, showing for in-
stance that a 2σ sensitivity could be achieved for an integrated luminosity of 30 ab−1 when Standard
Model properties are assumed. With the prospects of combining these findings with other triple-
Higgs search channels, the Standard Model Higgs quartic coupling could in principle be reached
with a significance beyond the 3σ level.
1. INTRODUCTION
The discovery of a Higgs boson at the Large Hadron
Collider (LHC) accomplished the long waited physics
goals of getting hints on the nature of the electroweak
symmetry breaking (EWSB) mechanism and under-
standing the generation of the fermion masses. While
the discovered Higgs boson appears to be highly com-
patible with the Standard Model (SM) expectation [1],
current data is still insufficient for revealing the true na-
ture of the EWSB dynamics. Further pieces of infor-
mation related to the shape of the Higgs potential are
indeed needed, such as measurements of the Higgs cu-
bic, quartic and even higher-order self-couplings. This
would furthermore allow us to investigate whether the
electroweak phase transition is of the first or second or-
der, a fact related to the matter-antimatter asymmetry
in the universe as a strong first order electroweak phase
transition can potentially realize one of the Sakharov con-
ditions for baryogenesis. Measuring the Higgs cubic and
quartic self-couplings is consequently one of the major
physics goals of the future high-energy physics program.
Di-Higgs production via gluon fusion offers the first
playground to access the Higgs cubic coupling, in par-
ticular within the high-luminosity phase of the LHC ex-
pected to collect an integrated luminosity of 3 ab−1 of
data at a center-of-mass energy of 14 TeV [2, 3]. The as-
sociated sizable (SM) production cross section of about
43 fb [4] allows one to make use of various final states to
probe the Higgs cubic coupling, the two most promising
signatures relying on final state systems made of four b-
jets, or of a pair of photons and either a pair of b-jets
or tau leptons [5–7]. At a future proton-proton collider
aiming to operate at a center-of-mass energy of 100 TeV,
the bb¯γγ channel keeps its leading role and measurements
at a precision of about 3 − 4% could be expected for a
luminosity of 30 ab−1 [8, 9]. None of these searches are,
however, designed to probe the Higgs quartic coupling.
In the SM, triple-Higgs production mostly arises, at the
leading-order in QCD, by gluon fusion (see Fig. 1). Such
a process faces a rather grim prospect at the LHC, mainly
because of a small signal rate of O(0.1) fb [10–12], so that
the study of this process is left to the experimental pro-
gram of the post-LHC era that is currently under discus-
sion at CERN and IHEP [13]. Feasibility analyses have
so far shown that the bb¯bb¯γγ channel can be used to con-
strain the size of the quartic Higgs coupling in a model-
independent way, the interaction strength being allowed
to deviate by a factor of at most O(10) from the SM af-
ter considering an integrated luminosity of 30 ab−1 [14–
16]. The prospects of the bb¯WWWW decay mode have
also been explored, and it was shown that a new physics
triple-Higgs signal is in principle detectable [17].
In this article, we embark on reinvestigating triple
Higgs production at a 100 TeV proton-proton collider
to be more confident on the sensitivity of such a machine
to the quartic Higgs self-coupling. We focus on the more
challenging, branching-ratio-enhanced, bb¯bb¯τ+τ− signa-
ture. Contrary to the bb¯bb¯γγ channel, it receives a severe
background contamination that yields a weaker expected
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FIG. 1: Representative leading-order Feynman diagrams for
triple Higgs production in proton-proton collisions.
sensitivity [14]. However, with the effort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb¯bb¯ττ channel can be promoted to a leading discovery
channel for triple-Higgs production.
This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics effect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.
2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS
In order to probe for possible new physics effects
in multiple-Higgs interactions, we modify in a model-
independent fashion the SM Higgs potential,
Vh =
m2h
2
h2 + (1 + κ3)λ
SM
hhhvh
3 +
1
4
(1 + κ4)λ
SM
hhhhh
4 ,
by introducing two κi parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read
λSMhhh = λ
SM
hhhh =
m2h
2v2
.
We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-
Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of
√
s = 100 TeV.
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FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of
√
s = 100 TeV presented as a function of
the κ3 and κ4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.
The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.
Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging efficiency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an efficiency of 55% can be expected
for a mistagging rate of 0.5% [7].
Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-
ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the different three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ovh2 and
Ovh3 , respectively, that allow for a boosted Higgs boson
identification. The performance of the method yields a
tagging efficiency of 40% for a mistagging rate of 2%.
As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both κi
parameters as well as on the top Yukawa coupling.
While in either an effective field theory framework or
an ultraviolet-complete model building approach, the κi
parameters are not independent, they will be varied in-
3Class Backgrounds Cross section [ab]
t/W samples
tτ t¯τhbb¯ 2.3× 104
tτ t¯τZbb¯ 6.6× 103
tτ t¯τ bb¯ 4.7× 105
W+τ W
−
τ bb¯bb¯ 4.7× 105
tt¯tt¯ 6.6× 104
Xττ + jets
Xττ bb¯bb¯ 6.9× 104
Xττ bb¯jj 1.5× 107
Xττ tht¯h 1.6× 105
XττZbb¯bb¯ 2.0× 103
Zττhbb¯bb¯ 300
XττZbb¯Zbb¯ 23
Zττhbb¯Zbb¯ 15
hττhbb¯Zbb¯ 11
hbb¯hbb¯Zττ
Di-Higgs hττhbb¯ + jet 1.3× 103
TABLE I: Fiducial cross sections of all components of the
SM background after the baseline selection described in Sec. 3.
The results include an NLO K-factor of 2, and the suffixes ‘τ ’
and ‘bb¯’ respectively indicate decays into a tau-lepton and a bb¯
pair, th denoting similarly a hadronically-decaying top quark.
dependently in our study. Moreover, the top Yukawa
coupling is assumed to be fixed to its SM value. The
resulting production cross section is presented in Fig. 2
in the (κ3, κ4) plane after including a flat NLO K-factor
of 2 [31]. The sign of the κ3 parameter turns out to be
crucial due to respective constructive and destructive in-
terference patterns when κ3 is negative and positive. As
a consequence, the cross section can be reduced to below
the fb level when both κ parameters are positive (and
not too large), making this corner of the parameter space
hard to probe. The variations in κ4 are in addition mild
for any fixed value of κ3, so that only poor constraints
could be expected from any potential measurement.
Among all triple-Higgs production signatures, we make
use of the bb¯bb¯τ+τ− channel with two hadronic tau de-
cays to probe deviations in the Higgs self-interactions.
Whilst the branching ratio is large (∼ 6.3%), the back-
ground contamination is expected to be important [14].
We however demonstrate in the next sections that pre-
viously overlooked advantages stemming from the usage
of specific kinematic properties of the ditau systems and
the potentially boosted configuration of the b-jet pairs
could largely increase the signal significance.
The various components of the SM background can be
classified into three categories regarding their response
to the basic selection criteria introduced in Sec. 3. We
denote by t/W samples the ensemble of background pro-
cesses featuring a top quark or a W -boson pair that de-
cays into a tau-enriched final state, together with the
four-top background contributions. The second class of
SM backgrounds consists of the Xττ + jets category with
X being a virtual photon, Higgs or Z-boson decaying
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FIG. 3: Distribution in the mττ invariant mass (as defined
in the text) after the baseline selection for the three SM back-
ground categories and for a SM triple-Higgs signal.
into a pair of tau leptons. Di-Higgs production in associ-
ation with jets finally forms the last class of background
processes on its own. The full list of considered SM back-
grounds is summarized in Table I, where we additionally
present the fiducial cross sections, multiplied by a con-
servative NLO K-factor of 2, obtained after requiring the
presence of two hadronic taus and missing transverse en-
ergy (cf. the baseline selection described in Sec. 3).
3. SIGNAL SELECTION
Our triple-Higgs analysis relies for its baseline selec-
tion on the properties of the bb¯bb¯τ+τ− final state. We
preselect events featuring exactly two hadronic taus with
a pT > 25 GeV and a pseudorapidity |η| < 2.5, as well as
a missing transverse energy /ET > 25 GeV.
After this preselection, the two taus are enforced to be
compatible with the decay of a Higgs boson by means of
the mHiggs−boundττ and m
True
T variables [32–34]. The for-
mer quantity is defined by minimizing, over all possible
assignments for the neutrino four-momenta, the invari-
ant mass of the system made of the two tau jets and
the two invisible neutrinos. This minimization proce-
dure however requires that each tau jet is matched with a
neutrino and that the resulting two-body invariant mass
is compatible with the tau mass. For cases for which
there is no such a solution, the mTrueT variable is con-
structed instead in the same way, but without this last
constraint. We present the resulting mττ distribution
in Fig. 3, mττ generically denoting m
Higgs−bound
ττ when
it can be constructed and mTrueT otherwise. Most signal
events exhibit an mττ value lying between the Z and the
Higgs boson masses, whereas background events from the
Xττ + jets category mainly feature smaller mττ values.
We therefore impose that mττ ∈ [105, 135] GeV to ensure
compatibility with a Higgs ditau decay and a very good
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FIG. 4: mT2 spectra for the signal (in the case of a SM Higgs
potential) and the various components of the background.
discrimination from the Xττ + jets background category.
We move on with the reconstruction of the two other
Higgs bosons for which we rely on a configuration where
one of them is boosted and the other one is resolved.
We select events featuring at least one fat jet whose ba-
sic properties satisfy pT > 300 GeV and |η| < 2.5. The
fat jet invariant mass is moreover required to lie in the
[105, 135] GeV window and the template overlaps are
constrained to Ovh3 > 0.7 and Ov
h
2 > 0.2. We addition-
ally require the presence of at least two slim jets and
tag two of them as candidates for a non-boosted Higgs
decay. This tagging is such that the dijet invariant
mass mjj ∈ [105, 135] GeV minimizes |mjj −mh|. Fur-
thermore, one of the two tagged slim jets must be b-
tagged and the fat jet must contain a doubly-b-tagged
substructure when we assume a b-tagging efficiency of
70% when a B-hadron is present in a cone of radius
R = 0.4 around the jet direction, for a corresponding
mistagging rate of 1%.
At this stage, the background is dominated by its t/W
component (see Table II). In contrast to the triple-Higgs
signal in which the missing energy originates from the
two neutrinos associated with the tau decays, most back-
ground events feature either more than two neutrinos, or
a missing energy originating from a W -boson pair. This
suggests to take advantage of the mT2 variable [35, 36] to
ensure an efficient background rejection. The mT2 spec-
trum is bounded from above and its shape depends both
on a test mass and on the mass of the semi-invisibly de-
caying particle. Moreover, the upper bound sharply rises
for increasing test masses above the true mass of the in-
visible particle [37]. As the true invisible mass is zero for
the triple Higgs signal, the associated mT2 distribution
is naturally broader than for the background, provided
the test mass is taken large enough. This feature is illus-
trated in Fig. 4 for which we have chosen an optimized
test mass of 190 GeV, which allows for a maximal back-
ground and signal separation.
Selection Signal t/W Xττ hh
Baseline 27 1.0× 106 1.6× 107 1.3× 103
mττ 12 1.4× 105 2.6× 106 670
Boosted Higgs 0.92 640 6.5× 103 35
mjj 0.47 180 81 4.1
b-tagging 0.15 15 0.20 0.034
mT2 0.11 0.37 0.093 0.029
mhhh 0.10 8.5× 10−3 0.012 0.026
S/B 2.1
σ 2.0
TABLE II: Signal and background cross sections, in ab, at
different stage of the analysis strategy depicted in Sec. 3. The
signal to background ratio S/B and the significance σ for a
luminosity of 30 ab−1 are also indicated.
After having reconstructed all three Higgs bosons, we
derive the invariant mass of the triple-Higgs system mhhh
and constrain it to be smaller than 1.6 TeV.
4. RESULTS AND DISCUSSION
We present in Table II the fiducial cross sections re-
sulting from the application of the various selections in-
troduced in Sec. 3, both for the signal (assuming the SM
case with κ3 = κ4 = 0) and the background. We can ob-
serve the complementarity of the various steps, the mττ
and boosted Higgs requirements reducing the background
by a factor of more than 2000, while the reconstruction
of the resolved Higgs boson and the b-tagging conditions
bring the signal over background (S/B) ratio down to the
percent level. The background is at this stage dominated
by t/W events and is further reduced to a manageable
level by means of the mT2 selection. The selection on the
triple-Higgs invariant mass finally brings the background
rate to half the signal one for the considered benchmark.
In order to set limits and derive the future collider sen-
sitivity in the (κ3, κ4) plane, we compute a significance
σ defined as the likelihood ratio [38]
σ ≡
√
−2 ln
(
L(B|S+B)
L(S+B|S+B)
)
with L(x|n) = x
n
n!
e−x ,
where S and B are the expected number of signal and
background events respectively. The signal sensitivity
turns out to be of about 2σ in the SM case for a luminos-
ity of 30 ab−1, with a number of signal events S ∼ 3 and
background events B ∼ 1.4. The number of signal events
could however be increased by considering the strategic
approach of including the contributions of a semi-leptonic
τhτlbb¯bb¯ final state, as it has been recently proposed for
di-Higgs searches at the LHC [7].
Scanning over the κi parameters, we show in Fig. 5 the
luminosity goals of a 100 TeV proton-proton collider nec-
essary for achieving a 2σ exclusion (left panel). Despite
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FIG. 5: Minimum luminosity of 100 TeV proton-proton collisions required to achieve a 2σ sensitivity to a triple-Higgs signal in
the bb¯bb¯ττ channel shown in terms of the κ3 and κ4 parameters (left), and the corresponding sensitivity expected for a luminosity
of 30 ab−1 (right).
the dominance of destructive interferences on the upper-
right-corner of the (κ3, κ4) plane, our analysis demon-
strates that the SM expectation can in principle be ex-
cluded with 30 ab−1. Conversely, we present in the right
panel of the figure the significance contours obtained
when considering a luminosity of 30 ab−1. In order to
access the sensitivity gap in the parameter space region
limited by κ3 ∈ [0, 2] and κ4 ∈ [0, 14], one could combine
our results with other channels, like the τhτlbb¯bb¯ mode
that could enhance the sensitivity of the present analysis,
and the γγbb¯bb¯ channel investigated in Refs. [14–16]. Our
findings could moreover be merged with the more precise
prospects on the κ3 parameters that stem from di-Higgs
probes expected to be produced at a large rate [8, 9].
In this work, we have continued our investigation of the
possibilities of a future proton-proton collider expected
to run at
√
s = 100 TeV to unravel the true nature of the
EWSB mechanism. We have shown that in addition to
the γγbb¯bb¯ golden channel, the bb¯bb¯ττ mode is a comple-
mentary probe to the quartic Higgs self-interaction. Our
results are comparable to those derived in other triple-
Higgs channels, so that combinations of several searches
could offer handles to parameter space regions featuring
low cross sections and not accessible with a single triple-
Higgs analysis. Such a combination also gives hope to
access the SM couplings beyond the 3σ level.
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